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As the design life of nuclear power plants approaches, continued operation of nuclear power plants 
is emerging as a problem. For long-term operations, it is imperative that the safety should be guaranteed 
first. To this end, we need to be able to understand the underlying mechanisms of material degradation 
to predict the degradation of the components of nuclear power plants. 
The nickel based alloys are pivotal structural materials used in nuclear industry because of corrosion 
resistance and mechanical properties that tolerate harsh and extreme environments. However, nickel 
based alloys undergo stress corrosion cracking (SCC) in high-temperature high-pressure environments. 
Stress corrosion cracking is a generic problem in high temperature waters, with most alloys employed 
suffering from cracking under some conditions. Among these conditions, the oxidation of nickel-based 
alloys can be regarded as the origin of the initiation of SCC, which is the main degradation process that 
induces failure of nuclear power plants. 
However, due to the difficulty of experiments and theoretical analysis on high temperature and high 
pressure conditions, there remains uncertainty about over the underlying mechanism despite many 
decades of research. It is difficult to justify the continuous operation of nuclear power plants because 
the conditions in which these uncertainties exist lead to possible component problems due to 
degradation of materials. 
In this thesis, computational approaches and X-ray experiments have been used to overcome 
traditional experimental and theoretical limitations on the primary water stress corrosion cracking of 
nickel based alloys to investigate the atomistic mechanism of phenomenon. The first principle method 
and molecular dynamics techniques have been applied to Ni/H2O and Ni-15Cr-8Fe/H2O systems as one 
of the ways to predict complex interactions between water and alloy elements. By the computational 
approach, the behavior of atoms including adsorption energy and barrier energy are evaluated and 
compared with results derived from conventional experimental methods. 
Previous studies have shown that PWSCC is affected by a number of factors, but it is affected by 
alloy elements and changes in the composition of alloying elements change the oxidation behavior that 
occurs on the surface. However, a discrepancy between the various phase boundaries have been found 
in the oxide layer of the nickel based alloy surface and many consequences was effected by this 
phenomenon are not yet clear. Because, the oxidation layer properties on the oxidation of nickel in 
primary water is important to understand PWSCC, oxidation behavior analysis provides reliable 
oxidation layer phase boundary properties and compares with experimental data in this thesis.  
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First principle method, molecular dynamics and X-ray experimental techniques were used to analyze 
the early stage oxidation process on the nickel surface. In these early stage oxidation process models, 
potential is identified as a key parameter that should be verified in reactions caused by water on metal 
surfaces to assure reliable results. Developed for nickel-based alloys, the reactive force field potential 
is suitable for early stage oxidation process calculations and is used in many calculations where 
chemical reactions should be considered. The molecular dynamics techniques are used to identify 
discrepancies between phase changes and boundaries on surfaces and to verify them through X-ray 
experiments. 
In this thesis, it has been proposed that the oxide layer was formed on the nickel substrate and 
structural changes occurred in the surface while the nickel was exposed to high temperature water 
environment. In the molecular dynamics results, oxygen atoms penetrate into the nickel substrate and 
interaction with nickel and chromium atoms. In addition to, this oxide layer is formed two types of the 
oxide layer. One is distorted crystal system and the other is amorphous layer by the interaction between 
oxygen and alloying elements atom. In X-ray experiments result show direct experimental evidence of 
co-existing amorphous and crystalline oxide phases within the film. This structural mismatch region 
can provide a diffusion path in which continuous phase change occurs. The oxygen atom can easily 
penetrate into the substrate and base metal suffer from accelerated mass transport due to vacancy or 
molecular structural change on the metal surface. This environment is promoted in which crack can be 
formed by providing conditions for creating a brittle oxide film inside the oxide layer. These damage 
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Nickel based alloys are one of the most important structure materials in modern industries such as 
steam turbine power plants, aircraft gas turbine, chemical and nuclear industries because they have 
excellent performance of mechanical strength and corrosion resistance at high temperature aqueous 
environments [1]. Figure 1-1 shows a schematic illustration of applications of alloy 600 in pressurized 
water reactor primary system [2]. However, the interaction of nickel based alloys with water and oxygen 
atom causes dissolution of metallic atom and diffusion of elements. After then, oxidation arises at the 
surface.  
Therefore, the formation of oxide layer is an unavoidable process in high temperature water 
environments. The oxidation process of metals and alloys is at the origin of the initiation of stress 
corrosion cracking(SCC). Almost all SCC on alloys in aqueous condition take place on their oxide films 
[3]. It can induce failure of structural materials. Hence, it is important to understand basic process of 
early stage of oxidation including dissociation process of water on alloys. Fig 1-2 is factor affecting 
stress corrosion cracking [4]. 
Early stage oxidation on the metals and alloys have been studied using various techniques [5-9], and 
many researches have been performed to understand and quantify the corrosion resistance of nickel 
base alloy by oxide analysis [10-14]. However, these experimental study not enough to reveal the 
oxidation and crack initiation process on atomic scale, which is fundamentally very important. 
Moreover, in detailed information on atomic scale is important to study corrosion and passivation 
phenomena.  
Computational methods are a very powerful and reliable tool to overcome experimental barrier for 
understanding the early oxidation process It can obtain in some detailed information such as bond length 
between oxygen and metal atoms, diffusivity, electron density adsorption energy and so on. Several 
computational studies have been conducted to characterize atomistic structure and oxidation process of 
Ni and Ni-base alloys. [15-20]. 
 
1.2. Goal and approach 
 
The main goal of this thesis is to understand the effect of structural changes at oxide layer in nickel 
based alloy from computational approaches and X-ray experiments. The first principles and MD 
simulation have been applied to investigate changes in the behavior of oxygen atoms due to the alloying 
elements during the early stage oxidation process. For supporting the computational method and to 
2 
investigate the atomistic structure of M/O interface, X-ray reflectivity and high resolution X-ray 
diffraction was also performed. The figure 1-4 illustrates the approaches and goal to investigate the 







































































































2. Basic theory and literature study 
2.1. Primary Water Stress Corrosion Cracking of Ni-based Alloys 
2.1.1. Historical background 
The steam generators in early pressurized water reactors were made of austenitic stainless steel, not 
alloy 600. However, it was found to be vulnerable to stress corrosion cracks caused by chloride. The 
alloy 600 compensates for these shortcomings and has been used a lot due to its good corrosion 
resistance than austenitic stainless steel and low corrosion product release rates. However, stress 
corrosion cracks in the primary water environment for the alloy 600 were identified by Coriou et al. in 
1959 [21] and have been found in the alloy 600 for last few decades, causing problems with the integrity 
of plant structural materials. Figure 2-1 The chronological chart of findings of significant nickel based 
alloy cracking in nuclear steam supply system plants [22]. 
SCC is a very complex phenomenon caused by the interaction of metallurgical, mechanical and 
electrochemical variables. Several mechanisms have been proposed for the PWSCC model since it was 
discovered by Coriou et al. that SCC can occur in alloy 600. Among the PWSCC models studied by 
many researchers, the two models presented below are likely related to the PWSCC process. 
 
2.1.2. Hydrogen based mechanism 
The main environmental factors affecting PWSCC are temperature, hydrogen concentration and pH 
value. In addition, the oxidation structure was found to be affected by the concentration of DH. Due to 
the different properties of the oxide, the sensitivity to PWSCC varies depending on the DH 
concentration. From previous studies, the initiation time and growth rate of PWSCC are known to be 
affected by the concentration of hydrogen dissolved in primary water. The thickness of the oxide layer 
of nickel-based alloys shows that the hydrogen concentration changes as it changes as shown in the 
Figure 2-2, 2-3 and 2-4 [23-25]. This may mean that substrate is not sufficiently protected by the oxide 
layer, which makes the material vulnerable to SCC compared to the dense oxide layer. 
 
2.1.3. Internal oxidation mechanism 
The internal oxidation mechanism is a specific form of corrosion in which the oxidation of the main 
elements of an alloy occurs relatively little. Therefore, the less reactive alloy elements are oxidized 
within the material. Oxidation damages the surface of the metal, resulting in grain boundary oxidation 
and formed oxide layer can be brittle, resulting in cracks, and then the crack propagation is occurred by 
7 
periodic oxidizes the grain boundaries and produces brittle oxide layers. The representation of the 
internal oxidation mechanism as shown in figure 2.5 [26,53-56]. 
The internal oxidation model is currently considered one of the leading mechanisms to account for 
the SCC generation of alloy 600 in PWR. This is because oxygen has been identified at the grain 
boundary that exists under the metal-oxide layer interface of alloy 600 [27, 28]. In addition, the structure 
of the crack tip of IGSCC in alloy 600 is found to be similar to the internal oxidation model. As shown 
in the figure 2-6 [29], NiO structure oxide is present along the crack, and Cr2O3 is found to be present 
in the crack tip, which is made of chromium oxidation [30]. 
Finally, the internal oxidation model is the only mechanism that can explain both initiation and 
propagation processes of cracks. We show that the duration of time until cracks calculated through 
equations 2.1 and 2.2 are generated and detectable cracks are observed is consistent with the results 
obtained experimentally [57]. 
 
𝑡𝑖 ∝ 𝑎𝑐𝑟
2                                (2.1) 
𝑡𝑖 ∝ (𝐾𝐼𝑆𝐶𝐶/𝜎)
4                                (2.2) 
𝑡𝑖 = Crack initiation time 
𝑎𝑐𝑟 = Critical depth 
𝐾𝐼𝑆𝐶𝐶 = σ√𝜋 ∙ 𝑎𝑐𝑟 = Critical stress intensity factor 
σ = Applied stress 
 
As such, internal oxidation models account for most of the major thermodynamics and motor 
behaviors observed experimentally, but there are several unexplained drawbacks, and studies are being 
conducted to compensate for them. 
 
2.2. Computational Science Methodology 
The first principles calculation is called first principles or ab-initio calculation. It is done using the 
basic principles of quantum mechanics without relying on any experimental or empirical facts. Based 
on the basic principles of electron-to-nuclear interaction and electron-to-electron interaction without 
using any empirical or experimental facts, the first method of computing is to solve Schrodinger's 
8 
equation to obtain various properties of matter: structural, thermodynamic, electromagnetic, and optical. 
Several methods have been developed, but the structure and electronic state of solid oxides are often 
used by DFT (Density Functional Theory). 
Density function theory is a computational quantum mechanics modeling method used to investigate 
the electronic structure of atoms or molecules in fields such as physics, chemistry, and material science. 
Using this theory, you can represent the properties of a poly electronic system through a function. 
Nevertheless, there are disadvantages in calculating intermolecular interactions and transition states, 
which have led to the recent use of molecular dynamics in parallel. 
Molecular dynamics is a computer simulation method that analyzes the physical motion of atoms and 
molecules. Atoms and molecules can be calculated through interaction for a certain amount of time. 
This calculation is determined by numerically interpreting Newton's equations of motion for interacting 
particle systems, where the forces between particles are usually calculated through interatomic 
potentials or molecular mechanics force fields.  
In this thesis, we used the reactive force field potential among interactive potentials. ReaxFF potential 
is suitable for computing bonds between atoms using the length of bonds and the ordered relationship. 
It can be used in covalent bonds, metal and ionic materials, and the interactions between these materials 
can also be calculated. 
 
2.3. X-ray experimental Methodology 
The three dimensional structure of the sample can be unambiguously determined by using single 
crystal x-ray diffraction. Many minerals such as diamond and salt, organic molecules appear as small 
crystals. In these crystals, atoms, ions or molecules are tidied in highly ordered structure, making crystal 
structure that extends in all three dimensions. This crystal lattice acts as a diffraction grating for X-rays. 
X-rays are high-energy light with a repeating period called a wavelength or lambda. Since the 
wavelength of X-ray light is similar to the distance between atoms in a crystal, X-ray diffraction can be 
used to determine the distance between atoms in the crystal. When an X-ray encounters an atom, its 
energy is absorbed by the atom's electrons. Electrons occupy special energy states around an atom. 
Since the absorbed energy is not large enough to release the electron, the energy must be re-emitted in 
the build of X-ray which have other wavelength, with the same energy as the original. This phenomenon 
is elastic scattering.  
In a crystal, the repeating arrangement of atoms, ions or molecules forms a lattice with well-defined 
repeating distances. When planes in these lattices are exposed to X-ray beam, X-rays are scattered by 
this general arrangement. The strong amplification of the emitted signal occurs at certain angles where 
9 
the scattered waves constructively interfere. This phenomenon is called diffraction. The XRD method 
can analyze the structure of crystal in atomic units by measuring these diffracted x-rays. 
The tools that can investigate the atomic-scale structure of a surface in ultra-vacuum conditions 
include useful methods such as electron, ion, and X-ray diffraction. However, most of these surface 
techniques have the disadvantage that they cannot be applied to surfaces in contact with water from the 
perspective of material-water interface research. The study of metal and water interfaces is one of the 
most important factors in terms of metal corrosion because the beginning of oxidation reactions takes 
place in metal and water surfaces. Therefore, many studies have been conducted using X-ray reflectivity 
measurements to address these shortcomings, and the underlying theory has been summarized by P. 
Fenter [31]. 
The basic principle of X-ray reflectivity is to directly reflect the beam on the surface and measure the 
intensity of the reflected X-ray in a particular direction. X-rays are mainly scattered by electrons, 
causing interference. Depending on the surface characteristics, constructive interference or destructive 
interference occurs, which follows Bragg's law in Equations 2.3. 
 
nλ = 2𝑑 sin𝜃                                (2.3) 
n = Diffraction order 
λ = Wave length 
d = Bragg’s plane spacing 
θ = Incident angle of X-ray 
In equation 2.3, the conditions for constructive interference require the path difference between the 
two wavelengths to be integer multiple of the wavelengths. The Instead of describing the interference 
conditions in terms of angles, you can represent them as momentum transfer vector Q, a vector with 
magnitude and orientation in the reciprocal space. Applying this to Equations 2.3 can be represented by 
Equations 2.4 and 2.5. Figure 2-7 illustrates the bragg scattering geometry. 
 
𝑸 = 𝑲𝒇 −𝑲𝒊 = 𝑘(𝒖𝒇 − 𝒖𝒊)                        (2.4) 
Q = |𝑸| =
4𝜋
𝜆
sin 𝜃                         (2.5) 
𝑢𝑓 = Unit vector of reflected beam direction 
10 
𝑢𝑖 = Unit vector of incident beam direction 
 
In equation 2.4 and 2.5, 𝑢𝑓  and 𝑢𝑖  with having vector 𝐊 =
2𝜋
𝜆
 and 𝑸 has units of inverse 
angstroms. The scattered X-ray intensity measured is calculated by summing the scattering 
amplitudes, 𝜀𝑗, for each atom, j. In the ideal sample, the sum of all the scattering amplitudes is called 
the structural factor F, and the intensity of the reflected beam is proportional to the square of F, so the 
following equation can be obtained: 
 
𝐼 ∝ |∑ 𝜀𝑗|
2
= |𝐹|2                          (2.5) 
 
For the actual sample, the equation for a lattice with N layers with a regular separation of atomic 
layer c and having scattering strength 𝑓0 is defined in equation 2.6. 
𝐹 = 𝑓0{1 + exp(−𝑖𝑄𝑐) + exp(−𝑖2𝑄𝑐) + ⋯+ exp[−𝑖(𝑁 − 1)𝑄𝑐]} 












]     (2.6) 
 
Using this relationship, we calculate that the scattering intensity is  
 










]                          (2.7) 
 
In figure 2-8 shows the scattered X-ray intensity of a sample with different atomic layers N. When 
N=1, the intensity of scoped x-ray results are shown to be flat free of interference. N value increases, 
strength and sharpness increase around the Bragg peak as shown in Fig 2-8 [31]. In the semi-infinite 
lattice cases, which do not interfere with the scattered X-rays at the top interface, do not appear to 




), where Λ is the linear attenuation length and 𝜂 is the typical per-layer attenuation factor. 
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𝐹𝐶𝑇𝑅 = 𝑓0{1 + ηexp(−𝑖𝑄𝑐) + 𝜂




     (2.8) 
 










                     (2.9) 
 
From XRR measurement, the single crystal nickel single crystal sample were used for investigating 























Figure42-1 The chronological chart of findings of significant nickel based alloy cracking in nuclear 






















































Figure72-4 Schematic diagram of the interface region (left : lower DH level, right : intermediate and 





























































Figure102-7 The bragg scattering geometry (A) X-ray scattering from two parallel layer (B) describe 























3. Methods and materials 
3.1. First principles calculation 
In this thesis, ab-initio calculations were used as a computational chemistry method based on 
quantum chemistry. First, in order to calculate the transition state of oxygen diffusion and density of 
state, ab-initio calculation was performed using the generalized gradient approximation(GGA) and the 
exchange correlational energy was described using the Perdew and Wang 91 functional(PW91) by the 
CASTEP module of the Material Studio package. This methodology uses improved for lattice constants, 
crystal structures and metal surface energy because using conventional local density approximations, it 
appears to be less accurate in systems where large amounts of charges move [32]. 
The Ni(110), Ni(100) and Ni (111) surfaces were modeled four layer because interaction of oxygen 
and nickel substrate were expected from first to fourth layer [33]. Calculations for the surfaces were 
performed on a 3x3x1 k-point mesh. The convergence tolerance and self-consistent field tolerances 
were set to 1.0e-6 and 2.0e-6, respectively Figures 3-1 and 3-2 illustrate a Ni(1 1 1) surface after 
geometry optimization. 
In order to calculate the transition state of oxygen diffusion, diffusion of one oxygen atom and of 
oxygen molecule were considered. In the case of one oxygen atom, the oxygen diffuse from a fcc hollow 
site (reactant) to a hcp hollow site(product) as shown in Fig 3-3 In the case of oxygen molecule, oxygen 
molecule diffuse from a fcc-hcp site to a hcp-fcc site as shown in Fig 3-4. 
To investigate the adsorption site/energy calculation and the role of diffusion path, we calculated 
each adsorption site and the diffusion path existing in the Fcc structure as shown in Figure 3-5 and the 
information of the different adsorption locations is shown in Figure 3-6 ~ 3-8. Through this, when the 
early stage oxidation process occurred on the nickel surface, we performed an analysis of the important 
parameters that influenced the oxidation process. 
 
3.2. Ni/O & Ni/H2O system using Molecular dynamics 
To investigate the early stage oxidation of Ni (100), (110), (111) in atomic scale, molecular dynamic 
calculation was conducted with Large-scale Atomic/ Molecular Massively Parallel Simulator 
(LAMMPS). LAMMPS is a classical molecular dynamics simulation code designed to be operated 
efficiently on parallel computers. Many researchers have begun to focus on atomistic modeling to 
evaluate the interfacial phenomena between materials and water by using LAMMPS. In this study, 
ReaxFF potentials are used to investigate the early stage oxidation in the Ni/O system modeling. 
21 
The molecular dynamics calculations were performed using ReaxFF potential. In the field of 
corrosion, the developments in ReaxFF potentials originally developed to study the hydrocarbon and 
the catalytic properties of organic compounds have enabled the investigation of metal and water 
reactivity. Analysis of trajectories from molecular dynamics with ReaxFF(reactive force field) potential 
are able to show complex initiation chemistry for the nickel oxidation process. 
The ReaxFF potentials have been specifically designed to describe the dissociation, transition and 
formation of chemical reaction while molecular dynamics simulation with precision to quantum 
chemical study. 
And also it considers the non-bonded interactions between atoms by using coulomb force and van 
der Walls term. In ReaxFF, the system energy expression is divided into several terms as shown in 
equation 3.1. 
 
𝐸𝑡𝑜𝑡𝑎𝑙 = 𝐸𝑏𝑜𝑛𝑑 + 𝐸𝑡𝑜𝑟𝑠 + 𝐸𝑐𝑜𝑢𝑙𝑜𝑚𝑏 + 𝐸𝑣𝑑𝑊 + 𝐸ℎ−𝑏𝑜𝑛𝑑              (3.1) 
 
All calculations were modeled by the periodical array. The periodical array was cut in <0 0 1> 
direction to create the Ni (100), (110), (111) surface. To simulate detailed initial oxidation process 
mechanism of Ni/O & Ni/H2O system, 864 oxygen atoms and 12480 nickel atoms were positioned in a 
cubic periodic box with 84.48 × 42.24 × 84.48 Å. The vacuum slab was set over the nickel surface with 
lattice parameter is 3.52 Å. For the reactive force field simulations, the system was performed energy 
minimization step first and constant volume–temperature (NVT) reactive simulations were performed 
at temperature of 550 K for a 10 nanoseconds. In each calculation, the lattice relaxation time was set as 
5 ns. All oxygen atoms are randomly distributed over the nickel surface as shown in Fig. 3-9 and 3-10. 
The upper section of nickel substrate was divided into three sublayers in order to calculate radial 
distribution function (RDF) and lower substrate was fixed because nickel atoms that located in the 
substrate are not affected by oxygen atoms. 
 
3.3. Ni-15Cr-8Fe/H2O system using Molecular dynamics 
To investigate the effect of alloying elements and the factors that can cause crack initiation in the 
early stage oxidation of Ni-15Cr-8Fe/H2O in atomic scale, molecular dynamic calculation was 
conducted with LAMMPS. The molecular dynamics calculations were performed using ReaxFF 
potential [34].  
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All calculations were modeled by the periodical array. The periodical array was cut in <0 0 1> 
direction to create the Ni-15Cr-8Fe surface. To simulate detailed early stage oxidation process 
mechanism of Ni-15Cr-8Fe/H2O system, 864 oxygen atoms, 1872 chromium atom, 998 iron atom and 
12480 nickel atoms were positioned in a cubic periodic box with 84.48 × 42.24 × 84.48 Å. The vacuum 
slab was set over the nickel surface with lattice parameter is 3.52 Å. For the reactive simulations, the 
system was minimized first and constant volume–temperature reactive simulations conducted at 
temperature of 550 K for a 40 nanoseconds. In each calculation, the lattice relaxation time was set as 5 
ns. All water molecules are randomly distributed over the nickel surface as shown in Fig. 3-11. 
 
3.4. X-ray experiments 
3.4.1. X-ray reflectivity of Ni single crystal 
In this thesis, we employed an integrated approach using high-resolution X-ray reflectivity (HRXR) 
[35-36] to obtain a comprehensive understanding of the early stages of oxidation on Ni(110). 
HRXR measurements were performed to probe the interface structure between the nickel oxide and 
the Ni(110) single crystal substrate with atomic resolution. The detail of the specimen is shown in Table 
3-1 and Figure 3-12. 
The pre-treatment process was performed in the order of mechanical grinding – Ar Sputtering – 
Annealing – formation of passivity film, among which Ar-sputtering and Annealing processes were 
performed four times. In the mechanical grinding phase, the grinding phase using SiC paper and 
polishing phase using Diamond Suspension solution and Alumina Suspension solution were performed 
as in the normal metal specimen treatment. In the process of performing, the pressure applied to 
minimize residual stress caused by surface friction was minimized and each step was performed for 
more than 30 minutes. Single-crystal specimen with completed grinding of electricity is loaded into a 
chamber with a vacuum degree of less than 10-10 torr. The chamber is equipped with argon ion etching 
equipment, RHEED guns and screens, and leak valves for oxygen injection. The surface was etched 
using argon ions with an energy of 0.5 kV and 10 mA in the loaded specimen, and the process was 
carried out for 10 minutes. The single crystal specimen was heat treated in the ultra-high vacuum 
chamber. The process is intended to relieve residual stress on the surface that may occur during argon 
ion sputtering. Using the correlation expression of the sample surface temperature-heater temperature 
measured before the experiment, the heater was heated to that temperature by measuring the heater 
temperature at which the surface temperature could reach 700℃. After the surface temperature reached 
700℃, it was maintained for 5 minutes, and the heater heat was then shut down to cool the specimen in 
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the vacuum until the surface temperature dropped below 40 degrees. Ion etching – heat treatment 
process was repeated four times in total to improve surface crystallinity. A trace amount of oxygen was 
injected into the chamber to form a floating film layer on the surface of a single crystal specimen that 
has completed ion etching and heat treatment. The fractional pressure of oxygen is 4.0 * 10-6 torr, which 
is known to grow epitaxial oxide membranes on the surface of nickel and nickel-chrome alloys under 
the corresponding oxygen fractional pressure conditions. 
Surface properties are analyzed through RHEED techniques during the pretreatment process to 
understand surface changes according to the pretreatment process. The results of the RHEED diffraction 
pattern analysis according to the pretreatment process in Figure 3-13 show that the more Ar-sputtering 
and annealing processes, the clearer the RHEED pattern becomes. Furthermore, the surface geometry 
of the specimen before and after the specimen pre-treatment (after the formation of a floating film) was 
analyzed through AFM as shown in Figure 3-14. 
The prepared specimen analyzed the underlying properties of nanometer-thick antifreeze 
membranes formed on surfaces via GIXR techniques at the Advanced Photon Source (APS), Argonne 
National Lab's radiation accelerator facility in the United States. The beamline consists of a 6-Axis 
Goniometer, a Pilatus 100K Area Detector, and so on, which used x-rays with 18 keV energy conditions 
in the experiment. 
 
3.4.2. X-ray diffraction of Ni-15Cr-8Fe single crystal 
The detail of the specimen are shown in Table 3-2 and the surface pretreatment process was done in 
the same method as Ni single crystal sample. The Ni-15Cr-8Fe specimen was performed through KIST's 
Powder x-ray scan and High resolution x-ray diffraction equipment. The equipment consists of two 
goniometer, copper x-ray source. The goniometer radius is 185 mm, and maximum x-ray power is 
18kW(60kV, 300mA). 
The experiment was conducted to investigate the initial oxidation process on the metal surface, using 


















Table 3-1 The description of nickel single crystal specimen 
Size Orientation Composition(wt.%) 

























Table 3-2 The description of Ni-15Cr-8Fe single crystal specimen 
Size Composition(wt.%) 
diameter⁡ 6.00 × thickness⁡ 1.00mm 
Ni Cr Fe 





















Figure123-1 Top view of the nickel (111) surface, where the different colors indicate different layers: 




















Figure133-2 Side view of the nickel (111) surface, where the different colors indicate different layers: 



























Figure143-3 Top view of the Ni(1 1 1) surface with one oxygen atom(red) located on 



















Figure153-4 Top view of the Ni(1 1 1) surface with two oxygen atom(red) located on hcp and 

















Figure163-5 (a) Top view of the Ni surface with one oxygen atom(red) located on hcp hollow 
sites (b) side view of the Ni surface with one oxygen (c) Side view of the Ni substrate with one 



















































































































Figure223-11 Initial state of Ni-15Cr-8Fe/H2O system (red : oxygen atom, grey: nickel atom, white : hydrogen 

































































4.1. First principles calculation 
4.1.1. Partial density of states 
To demonstrate the first-principles calculation result, the density of states(DOS) was calculated to 
analyze the interaction mechanism between the nickel surface and an oxygen atom. When metal 
interacts with an atom or molecule, the d orbital of the metal combine with the atom or molecule as 
shown in Figure 4.1. [37-38]. Additionally, Soft X-ray emission spectroscopy result demonstrated the 
hybridization between d orbital of nickel and the oxygen p orbital as shown in Figure 4-2 and 4-3 [39]. 
In the DOS calculation, we observed two peaks for oxygen atoms [40]; one corresponding to the s 
orbital with energy ranging from –19eV and -18eV and the other corresponding to the p orbital with 
energy ranging from -6eV and -4eV. Therefore, Ni interacts with oxygen because the DOS of the d 
orbital of Ni overlaps that of the p orbital of oxygen atom as shown in Figure 4.4. 
 
4.1.2. Adsorption energy 
The process of oxygen adsorption to metals is one of the important parts of the initial oxidation 
process. Adsorption energy calculations were performed to analyze where oxygen is adsorbed to form 
and grow an oxide layer. As previously described, the nickel surface was constructed using bulk 
optimization grid parameters. Previous studies have verified that this model is suitable for calculating 
water adsorption for alloys or pure transition metals [58-60]. The adsorption positions such as hcc 
hollow site, hcp hollow site and Octahedral site exist on the surface of metals with a face centered cubic 
structure such as nickel. 
Each adsorption site has its own energy value when combined with oxygen on the surface. In order 
to calculate adsorption energy, water molecules bound to a particular adsorption site were modeled and 
the energy required to move to a different location was investigated to calculate the relative energy 
value. This is a useful way to find the most stable adsorption site. A relative comparison of these energy 
values found that the hcp hollow site and fcc hollow site on the Ni (111) surface were the most stable, 
followed by the Octahedral site on the Ni (110) surface as shown in Table 4-1. As a result, oxygen can 
be predicted to be the first adsorption to the Ni (111) surface during the initial oxidation process. In 
addition, when the oxide layer is produced, there is a possibility that oxygen may spread from the site 




4.1.3. Barrier energy 
Previous results demonstrate computationally that oxygen is adsorbed in selectively stable positions 
during the initial oxidation process. In order for corrosion to occur on the metal and water interfaces, 
oxygen atoms need to penetrate into the substrate. To determine the behavior of these oxygen, the 
direction of diffusion of oxygen was calculated after the oxygen was adsorbed to the surface by the 
derivation of Barrier energy from the Transition state calculation. 
The figure 4-5 and 4-6 shows the results of the transition state search calculation. The modeling of 
reactants and products can be calculated relative values of how much energy is needed to move oxygen. 
These results show that oxygen needs the most energy when diffusion occurs on the surface of Ni (111), 
followed by Ni (100) and Ni (110). 
 
4.2. Ni/O & Ni/H2O system 
4.2.1. Structural changes of nickel surface 
In figure 4-7, The molecular dynamics results of Ni/O system that deducted by using ReaxFF 
potential are treated. In this result, when the reaction of oxygen and nickel atoms at the surfaces are 
occurred, therefore it can be confirmed about Ni substrate was divided into several layer(Sub1 - 3). 
There are three different structure layers in the nickel substrate. 
 The first sublayer(Sub1) is nickel oxide amorphous layer which is formed by the direct interaction 
with oxygen atoms. The interaction of oxygen atoms with nickel in high temperature environments 
leads to the dissolution of nickel atoms and the diffusion of elements and, oxidation takes place at the 
surface, therefore, the nickel atom which is located in upper section of substrate is reacted with the 
oxygen atom and forms nickel oxide amorphous layer. It is due to the vigorous intermolecular 
interactions which is occurred between oxygen and nickel atoms at the surface. Also, the second 
sublayer(Sub2) is reacted oxygen atoms layer which permeated through the nickel surface. The second 
layer losses basic characteristic of nickel substrate by oxygen atom and forms another nickel layer that 
has different lattice parameter than the existing nickel substrate. However, the sublayer3(Sub3) is 
maintained as a Ni structure. Because, oxygen atom can not permeate into the sublayer3. The thickness 
of the oxide layer for each surface is shown in the table 4-2. 
The Ni/H2O calculation results also showed similar results to Ni/O system calculations. The 
difference from the previous results is, The NiO structure formed on the Ni substrate was similar to 
trigonal NiO with a direction close to (111) as shown in Figure 4-8. The amorphous and crystalline 
phases co-exist at the interface, suggesting complex growth processes caused by an intrinsic mismatch 
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between the rectangular lattice of the Ni(110) surface and the stable hexagonal packing of the NiO(111) 
epitaxy layer and Adaptive common neighbor analysis was performed for the trajectories of the 
simulation to assign a structure type to each particle from the coordination information. In addition, this 
model can be show that structural changes occurred not only on the surface but also inside the substrate. 
As the oxidation process progressed, Ni (111) form of HCP crystal structure was created inside the 
nickel as shown in Figure 4-9. 
 
4.2.2. Radial distribution function 
To evaluate reaction process of oxygen consumption phenomenon and mechanism, the molecular 
dynamic simulations were performed with a constant volume. And the RDF was used in order to 
investigate structure change in nickel substrate. The RDF is a statistical mathematics function that is 
used to describe a cluster or aggregation of objects. RDF (g(r)) is a local measure of how close the 
observed distribution is to a uniform one. 
As shown in figure 4-10, the RDF is calculated for each sublayer in order to investigate the structural 
change and the effects of oxygen permeation into nickel substrate. In this result, RDF of sublayer1(blue 
line) indicates smooth curve. The sublayer1 can’t be maintained basic characteristic of nickel substrate 
and forms amorphous nickel oxide layer. Also, sublayer2(green line) is under the influence of oxygen 
atom, therefore, a difference in radial distribution is shown. 
 
4.3. Ni-15Cr-8Fe/H2O system 
4.3.1. Oxidation behavior analysis 
To investigate, effects of alloying elements in the early stage oxidation and the factors that can cause 
crack, The Ni-15Cr-8Fe/H2O system was conducted. In the early stages of oxidation, oxygen atoms can 
be seen bonded to the surface as a whole. The oxygen atoms that were bound to the surface as a whole 
have been shown to recombine with dissociation due to their reactions to oxygen or water molecule. 
This phenomenon has also been investigated to affect metal surfaces. The oxygen atoms adsorbed on 
the surface cause reactions in the water environment and cause dissociation of metal atoms. These 
dissociated metal atoms react again on the surface, causing bonding on the surface or reacting with 
water molecule to remain in the water environment. During the modeling of the oxidation process using 
molecular dynamics simulation, this phenomenon was repeated and oxidation progressed. As oxidation 
occurs, oxygen atoms that have been bound to the surface as a whole can be found to form an oxide 
film near the chromium atom over time as shown in figure 4-12.  
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The preceding results can be observed more clearly from the results of the trajectory oxygen atom 
method. At the top side of the surface, oxygen atoms combine with metal atoms present on the surface 
early in the oxidation process to form an oxide layer. However, it can be seen that the position of the 
atoms changes as surface atoms repeat binding and decomposition due to the continuous oxidation 
process. Therefore, oxygen atoms bonded to the Nickel atom move toward the Chromium atom to form 
an oxide as shown in Figure 4-13. 
 
4.3.2. Analysis of oxide layer 
In Ni-15Cr-8Fe systems, chromium atoms can be seen migratory to the surface over time by oxidation. 
Chromium atoms that migratory to the surface react with oxygen and are found to be oxidized. This 
phenomenon occurred by adsorbed oxygen atoms which located on the surface diffuse into inside the 
nickel substrate, such as the results of the first principles calculation. When the oxygen atom spreads 
inside the nickel substrate, it binds to the surrounding metal atom and causes an oxidation process. As 
the oxidation process continues, chromium atoms which are relatively more oxygen affinity than the 
nickel atoms were found to move to the part where oxidation occurred inside the nickel substrate.  
During the early stage oxidation process, most of them were identified as amorphous layers and can be 
seen to retain their crystallinity in part as shown in figure 4-14. The amorphous layer was found to be a 
combination of nickel, chromium, iron and oxygen atoms that could not be defined as a specific crystal 
structure. It has been shown to exist at random locations in three dimensional lattice structures. 
The figure 4-15 shows that chromium atoms migrate to the surface to form an oxide layer. It is 
analyzed that the oxide layer is approximately 6 Å  ± 0.8 Å  thick from the surface. Below the oxide 
layer, the amount of chromium atoms appears to be decreasing. This phenomenon has also been 
investigated in TEM analysis. This can be seen in Figure 4-16 and Table 4-3. 
 
4.3.3. X-ray experiments of Ni-15Cr-8Fe/H2O single crystal sample 
In the early stage oxidation process, High resolution X-ray diffraction and Powder X-ray diffraction 
were used to investigate the reaction of Ni-15Cr-8Fe ternary single crystal sample at metal-water 
interface. The high resolution X-ray diffraction results in Figure 4-17 show that one peak appears at 
76deg. This was identified as a peak indicating the (110) direction that the sample had. The Powder X-
ray diffraction results show two peaks differently from the HRXRD results. In addition to 76deg peaks, 
such as HRXRD, peak was observed at 62deg. The peak observed in 76deg appears to be the peak on 
the same (110) surface as the specimen, and the peak seen in 62deg appears to be the peak on the 
amorphous layer as shown in Figure 4-18. The difference in the results of the two X-ray diffraction 
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experiments is that they are single crystal sample, so the diffraction pattern may not appear well. In 
addition, there is a possibility that the peak does not appear to distinguish it from the background due 



















































 Adsorption energy(eV) 
Octahedral site(Ni(110)) 2.21 
Long Bridge 2.02 
Short Bridge 1.93 
Hcp Hollow site(Ni(111)) 2.59 
Fcc Hollow site (Ni111)) 2.48 
Bridge site 1.71 – 1.75 




































































Figure264-1 Illustration of typical atomic model for the interaction of an atom or a molecule with 


























Figure284-3 Schematic diagram presented a simple model for hybridization between 2p of oxygen and 










































































(a) (b) (c) 
Figure324-7 The illustration of atomic structure model (final state) for interaction of nickel 
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Figure424-17 Powder X-ray diffraction results of Ni-15Cr-8Fe single crystal sample 
65 
5. Discussion 
5.1. Atomistic structure of interfacial layer between nickel oxide and water 
Some of the main causes of SCC are the content of alloying elements and misorientation of crystals 
such as grain boundaries. Since the correlation between grain boundary and SCC was presented by 
Watanabe, many studies have been conducted to understand how coincidence site lattice boundary and 
high angle boundaries affect SCC in the primary water environment [61,62]. These results show that 
the fractions of cracked grain boundaries decrease with increasing coincidence site lattice boundary 
fraction and HAB is more prone to cracks than coincidence site lattice boundary. Furthermore, cracks 
have been investigated to be easily propagated along HABs and deformable, and the direction of grain 
boundaries in applied stress has also been shown to be an important factor as shown in Figure 5-1 
[63,64]. As such, grain boundaries have many effects on the oxidation process on metal surfaces. In this 
thesis analyzed surface structure based on results to investigate why grain boundaries are generated at 
the beginning of the oxidation process and how particle boundaries change. 
Comparing the results of the first principle calculation and molecular kinetics calculations, Ni (111) 
surface forms the most stable phase when oxygen is adsorbed, but the diffusion of oxygen is slower 
than other surface structures due to the high barrier energy. In contrast, Ni (100) is less stable than the 
Ni (111) surface when oxygen is adsorbed, but the diffusion of oxygen is calculated to be the most 
advantageous. The molecular dynamics results show that the oxide film forms thickest at Ni (100). 
Therefore, even if adsorption occurs quickly, the formation of oxide layer can proceed slowly if 
diffusion path does not exist. 
In the top view of the simulation cell in Figure 4-6, the atoms are initially ordered in hexagonal 
packing arrangements at the local scale (yellow rectangles), and the clusters agglomerate during 
relaxation to form larger domains (ordered yellow rectangles). However, some parts remain disordered 
persistently. The similar aspect appears in X-ray experiments. The crystal structures are arranged 
periodically in a three-dimensional space, which causes X-rays collide at the surface of the grid and 
scatter in a specific direction. This results in peaks with high intensity at certain angles, as shown by 
typical X-ray experiments. 
However, amorphous phase does not have periodicity and is randomly distributed in three-
dimensional space. When a diffraction experiment is performed at a relatively low angle, more 
amorphous phase can be observed in the mixture than the actual percentage and since X-rays are 
scattered in various directions, there is no clear diffraction pattern compared to crystal structure. 
Therefore, the peak with high intensity may not appear, such as a typical X-ray experiment, but a broad 
peak may appear over a broad range as shown in Figure 5-2 [32]. 
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Being consistent with the XRR experiments, the simulation result shows a highly deformed interface, 
specifically as a result of the oxidation process. While previous studies only focused on the changes to 
the lateral structure due to the limited measurement tools, our simulations reveal that there are also 
substantial deformations in the surface normal direction. Amorphous and crystalline phases co-exist at 
the interface, suggesting complex growth processes caused by an intrinsic mismatch between the 
rectangular lattice of the NiO surface and the stable hexagonal packing of the NiO(111) epitaxy layer.  
This structural change can provide a diffusion path because it is an unstable state in which continuous 
phase change occurs. This provides an environment in which crack can be produced on the oxide layer 
as shown in Figure 5-3. 
 
5.2. The role of Cr atoms on oxidation characteristic of Ni based alloy 
The describing the advantageous role of chromium atoms is complicated due to interaction of the 
various factors affecting SCC behavior. The main parameters also depend on the mechanisms 
considered to control the stress corrosion cracking mechanism. Also, the chromium atom is known as 
solid solution enhancer that can influence strain and creep of nickel based alloys. The creep decreased 
significantly as a result of Angeliu and Vaillant et al. (Figure 5-4) [42], whose compostion of chromium 
increased from 15 to 30 %. Chromium also influences formation of surface layer: increasing chromium 
content produces thin chromium-rich oxides in figure 5-5, 5-6 and 5-7 [43]. The oxide layer is also 
highly protective and has a higher mechanical resistance for chromium contents higher than 17 % [44]. 
In addition, repassivation and passivity rates have been indicated to composition of chromium increase 
[45, 46]. 
The effects of carbide distribution have been studied by several researchers [47-51], and the generally 
agree that semi-continuous or continuous network of intergranular precipitates of chromium carbides 
increased resistance of SCC, while carbide precipitation which located intergranular increases 
susceptibility of stress corrosion cracking in Figure 5-8 [51]. 
The nickel below the oxide layers has been found to exhibit two types of damage 
1. Cr-depleted layer below the surface oxide 
- The presence of a Ni-rich layer below the surface oxide was directly observed by TEM/EDS 
on thin cross-sections transverse to the metal/solution interface. 
2. Penetration of oxygen/oxide at the grain boundaries 
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- It has been observed that exposure to primary PWR coolant in the absence of applied stress 
causes irreversible embrittlement of Alloy 600 grain boundaries near the surface. 
Some intergranular oxidation is also methodically observed on Alloy 600 and affects grain 
boundaries embrittlement, which is generally accepted as the cause of primary water stress corrosion 
cracking. In oxidizing water chemistry environments, there is no guarantee of sufficient protection by 
inner chromium rich oxide layer. The properties of the oxide layer remain uncertain in certain cases, 
and selective oxidation does not occur on the oxide/metal interface in alloy 600 where Cr2O3 presence 
and role are unclear. Therefore, it is important to find out the role of the chromium atom in the early 
stage oxidation process. 
The oxidation reaction of a binary alloy (A and B) with aqueous water at high temperature can be 
written as 
a〈〈𝐴〉〉 + 𝑏〈〈𝐵〉〉 + 𝑐𝐻2𝑂 ⇌ 𝐴𝑎𝐵𝑏𝐶𝑐 + 𝑐𝐻2<𝑎𝑞>               (5.1) 
The oxidation reactions, which were taken into account for the thermodynamic calculations, are the 
following figure 5-9 [52]. The Cr atoms can be concentrated on the surface due to the above 
phenomenon and Cr atom prevents oxygen atoms from spreading inside (Oxygen affinity : Ni < Cr)  
Also, this phenomenon could create a Cr deficiency phase under the surface oxide layer as shown in 
figure 4-9 ~ 4-11. 
The X-ray diffraction experiments show that the Ni ternary crystal surface is mixed with amorphous 
layers and crystal with (110) oriented substrates during early stage oxidation. In addition, it has been 
confirmed that HCP crystal structure consisting of NixOy appears in areas where Cr does not exist such 
as Ni/water system. It is the same as the result confirmed by Ni/water system. As a result, two or more 
































Figure445-2 The schematic diagram of X-ray scattering characteristic by crystalline, amorphous, 



















































Figure475-5 Transmission electron microscope cross-section of the oxide scale formed on the 5% Cr 













Figure485-6 Transmission electron microscope cross-section of the oxide scale formed on the 15% Cr 












Figure495-7 Transmission electron microscope cross-section of the oxide scale formed on the 30% Cr 














































Figure515-9 Stability diagram of the oxides which are likely to form during the exposition 
























In this thesis, computational approaches and X-ray experiments were performed to understand the 
corrosion behavior mechanism of nickel based alloys at atomic unit scale during early stage oxidation. 
When oxidation begins, ionic changes occur at the metal/water interface. This phenomenon causes the 
dissolution of the metal atom and affects the growth of the oxide layer as it is deposition again. 
Therefore, the different phases coexist on the surface and this structural mismatch region can provide a 
diffusion path(metastable state) in which continuous phase change occurs. An environment is promoted 
in which crack can be formed by providing conditions for creating a brittle oxide film inside the oxide 
layer. 
The high resolution x-ray experiments performed on the Ni (110) and Ni ternary single crystal/water 
interface to investigate the interface structure between the nickel oxide and the Ni single crystal 
substrate with atomic resolution. It was founded that the beating pattern at low Q values (0.5–2.0 Å –1) 
which suggests there are at least two layers with different thicknesses. The beating pattern diminishes 
as Q increases, leaving only one epitaxial film Bragg peak at a higher Q. This suggests that one of the 
layers must be a non-epitaxial deposit. Being consistent with the simulation results, the XRR 
experiments show a highly deformed interface, specifically as a result of the oxidation process. In this 
result, We can see the importance of diffusion paths and how alloy elements affect crack production. 
And The proposed model can investigate the behavior of crack incubating and initiation steps that were 
insufficient in previous studies. We can also predict how this phenomenon affects crack initiation. 
 
Following are the conclusion of this thesis; 
1. Even if adsorption occurs quickly, the formation of oxide layer can proceed slowly if diffusion path 
does not exist. Diffusion path has a significant effect on oxide layer production. 
2. The structural change of metal surface can provide a diffusion path because it is an unstable state 
in which continuous phase change occurs. 
3. This environment is promoted in which crack can be formed by providing conditions for creating a 
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